(4), and spontaneous, benign thymic tumors (5). A study by Street, Toronto, Canada M5S 3E2 Dunning et al. (6) suggested many years ago that Cop rats Copenhagen (Cop) rats are completely resistant to the may be resistant to the development of liver tumors. However, chemical induction of mammary adenocarcinomas, but three of the 10 Cop rats examined in the study died from their susceptibility to hepatocarcinogenesis is virtually tumors in other tissues, and the two Cop rats that developed unknown. Rat liver is a well-characterized and easily liver tumors had a very long latency period, outliving treated manipulated tissue in which to study carcinogenesis. Thererats of all other strains examined. fore, if Cop rats are resistant to hepatocarcinogenesis, Rat liver is a well-characterized and easily manipulated studies into resistance mechanisms may be feasible. Male tissue in which to study carcinogenesis. Therefore, if Cop Cop and F344 rats, 7-8 weeks old, were initiated using rats are resistant to hepatocarcinogenesis, further studies into either N-nitrosodiethylamine (DEN) (200 mg/kg, i.p.) or a resistance mechanisms may be feasible. Experimental protocols two-thirds partial hepatectomy (PH) followed by N-methylmodeling hepatocarcinogenesis have been developed that pro-N-nitrosourea (MNU) (60 mg/kg, i.p.). The rats were then duce preneoplastic hepatic lesions relatively rapidly and synpromoted using a modified resistant hepatocyte (RH) protochronously. Such lesions range from single putative initiated col (a combination of four doses of 2-acetylaminofluorene cells, to small foci and gross nodules (7). Phenotypic markers (2-AAF) and a single dose of CCl 4 that provides a selective for these lesions include altered expression of a number of mitotic stimulus for initiated cells). Six weeks after initiation enzymes, such as glutathione S-transferase (GST 7-7), that can the rats were killed and liver sections were stained for be detected histochemically (8,9). glutathione S-transferase 7-7 (GST 7-7), a marker for
Dimension Laboratories (Mississauga, Ontario, Canada). 3,3Ј-Diaminobenzidine tetrahydrochloride was from Sigma Chemical Co. (St Louis, MO). The rabbit anti-rat GST 7-7 antibody was a gift from Dr Tom Rushmore (9) . 5Ј-Bromodeoxyuridine (BrdU) was purchased from Boehringer Mannheim (Dorval, Quebec, Canada) and the monoclonal antibody to BrdU was from Becton-Dickinson (Mountain View, CA). The preoxidase-conjugated rat antimouse antibody was from Jackson Immunoresearch Laboratories, Inc. (West Grove, PA).
Animals
Cop and F344 rats, purchased from Harlan Sprague-Dawley (Indianapolis, IN), were allowed to acclimatize for 1 week prior to the start of experiments, at which time they were 7-8 weeks old unless otherwise stated. Food (Harlan Teklad, 6% fat, Madison WI) and acidified water (pH 2.8) were provided ad libitum, and a 12-h light-dark cycle was maintained automatically.
Animal treatments
To determine the susceptibility of Cop and F344 rats to initiation followed by promotion using the RH model, groups of 11 rats from each strain were administered a single i.p. dose of 200 mg/kg DEN dissolved in 0.9% NaCl ., CCl 4 , 2ml/kg i.g.; , PH; r shaded, citrate buffer (pH 6.0). All groups were then treated using a modified RH BrdU infusion, 200 µg/h; S, time of sacrifice. model (13, 14) illustrated in Figure 1a . Briefly, on days 18, 19, 20 and 22, the rats received a daily gavage of 20 mg/kg 2-AAF in DMSO and corn oil, (1:29, V:V). They received a single dose of 2 ml/kg CCl 4 in corn oil by
Results
gavage on day 21. All the animals were killed on day 42 by cervical In order to compare the susceptibility of Cop and F344 rats dislocation, the livers removed and representative slices taken from each liver lobe and fixed in 5% acetic acid in methanol.
to hepatocarcinogenesis, we used two initiating regimens For determinations of hepatotoxicity, six Cop and six F344 rats were followed by promotion using the RH model. The initiating administered DEN and three Cop and three F344 rats received CCl 4 as regimens were a single necrotic dose (200 mg/kg) of DEN or described above. A control group consisting of three rats of each strain a single dose (60 mg/kg) of MNU administered 18 h after the received an i.p. injection of 0.9% NaCl solution. Forty-eight h later all animals were killed. Serum alanine amino transferase (ALT) levels were measured animals had been given a PH [since MNU is non-necrogenic, using a kit from Sigma, and hematoxylin and eosin (H&E) stained liver the PH provides the required proliferative stimulus (14) ]. When sections were examined for histologic evidence of necrosis. the livers were removed from these animals 20 days following continuously infused at a rate of 10 µl/h for 3 days using osmotic pumps (Alzet model 2ML1, Alza Co., Palo Alto, CA). The pumps were placed in liver area occupied by foci and nodules in the two strains after 0.9% NaCl solution at 37°C overnight to allow the pumping rate to stabilize either initiating protocol is shown in Figure 3 . prior to implantation. In the treatment groups, pumps were implanted s.c. positive cells occupied a significantly greater percentage of either at the time of the PH, or on days 3 or 6 following PH. In the control liver area in the F344 livers compared with the Cop livers group pumps were implanted at the time of PH. Rats were killed at the end following initiation with either DEN (P Ͻ 0.0001 using of the 3-day labeling periods and a piece of duodenum, which normally has a high rate of cell division, was taken as positive control for BrdU incorporation.
Student's t-test) or a PH and MNU (P Ͻ 0.05 using a Wilcoxon To compare early events following initiation, groups of 26 Cop and 26 rank sum test). Lesions detected by H&E staining generally F344 rats were given DEN as above and equal numbers of rats from each stained positively for GST 7-7 in sections from both strains. strain were killed at 2, 3, 4 and 7 days later. Other groups of six Cop and Quantification of lesions in Cop rats using H&E was not five F344 rats were given a PH then MNU as described above and killed 3 weeks later.
possible however, since many foci were too small to be measured reliably.
Immunohistochemical staining
After fixing overnight, tissues were embedded in paraffin wax and 4-µm Hepatotoxicity sections prepared on microscope slides. Immunohistochemical staining was For the production of putative preneoplastic single cells and carried out for GST 7-7 or BrdU using the peroxidase-anti-peroxidase method foci following DEN initiation and for their rapid increase in as described previously (15, 16) . Prior to GST 7-7 staining, sections were size during promotion by the RH protocol, it is necessary for incubated for 40 min in aqueous 10% DMSO (17) , to increase tissue penetration by antibodies.
both DEN and CCl 4 to produce hepatic necrosis to stimulate compensatory hepatocyte division (18). It is possible that Cop
Analysis of stained sections rats have a defect in enzymes that metabolize these chemicals
The area occupied by GST 7-7-positive foci and the number of GST 7-7-positive single hepatocytes and foci per unit area in liver sections were to hepatotoxic products or other differences that may affect measured using a morphometric analysis machine (Bioquant IV, Zeiss instruthe level of necrosis. We measured hepatotoxicity 48 h after ments, Wetzler, Federal Republic of Germany). Sections from each liver lobe their administration by monitoring serum ALT levels and were counted for all rats, and all analyses were performed blind. Random examining the livers histologically for evidence of necrosis.
sections from all lobes were scored for hepatocytes with nuclei containing Following DEN administration, Cop rats had significantly BrdU. The labeling index (LI) was calculated as the percent of hepatocytes that were BrdU-positive after at least 1000 hepatocytes were counted per rat.
higher serum ALT levels ( Figure 4 ) and correspondingly more severe hepatic necrosis than F344 rats. CCl 4 
treatment produced
Statistical tests serum ALT levels that were not significantly different between Groups were compared using the Wilcoxon rank sum test unless stated otherwise.
the strains (Figure 4 ) and equivalent levels of hepatic necrosis. 3 . Percent liver area occupied by GST 7-7-positive foci and nodules in Cop and F344 rats initiated with either DEN or a PH and MNU and promoted using a modified RH protocol. Each value is the mean Ϯ SEM of 11 F344 and 11 Cop rats for the DEN treated groups and four F344 and five Cop rats for the PH and MNU treated groups. Cop rats had a significantly smaller percentage of liver area occupied by GST 7-7-positive foci than F344 rats using either DEN (P Ͻ 0.001) or PH and MNU (P Ͻ 0.05) for initiation. 
2-AAF mito-inhibition
except for the 6-9 day F344 group that has two rats. Values are expressed
To determine whether 2-AAF acts as a mito-inhibitory agent as the mean Ϯ SEM. There were no significant differences between Cop in the livers of Cop rats, we administered the chemical as in and F344 rats for the untreated, days 1-3 or days 3-6 groups. The LI of the Cop rats for the three groups treated with 2-AAF were not significantly the RH model, then gave the animals a PH to stimulate liver different from each other.
regeneration. BrdU was then administered via osmotic pumps that were implanted subcutaneously on the same day as the PH or 3 or 6 days thereafter. The animals were killed after a From the results shown in Figure 5 it is apparent that the livers of Cop and F344 rats are equally mito-inhibited by 2-3-day labeling period. The LI of the hepatocytes was determined by measuring immunohistochemically nuclei that had AAF up to day 6 following PH. There was no difference in the LI between Cop rats in the day 3-6 group and the day 6-incorporated BrdU. There were five rats of each strain for the 1-3, and 3-6 day labeling periods. In the F344 group labeled 9 group, indicating that mito-inhibition continues at least up to day 9. The intestinal epithelial cells of the duodenum, used on days 6-9, three of the five rats died between days 8 and 9. 
Discussion
Initiation followed by promotion using the RH protocol is a as a positive control, had a high LI in all of the rats (data well-established model of liver carcinogenesis in rats that has not shown).
consistently been shown to produce large numbers of GST Early events following DEN or a PH and MNU 7-7-positive foci and nodules (8, 9, 18) . In the present study, this protocol did not lead to the production of any nodules in In order to explore the effects of the initiating agents themselves, groups of rats from each strain were given DEN or a Cop rats following initiation with either DEN or a PH followed by MNU. Grossly, all the F344 livers contained many nodules, PH and MNU, without further treatment, and killed at various time points. The numbers of GST 7-7-positive single cells and easily visible on the surface of the livers and in cut sections. In contrast, all the Cop rat livers appeared to be completely foci/mm 2 on days 2, 3, 4 and 7 following DEN administration are shown in Figure 6 . Cop rats had significantly fewer single normal. Sections from these livers stained for GST 7-7 revealed a similar marked difference between the strains in the percentcells and foci/mm 2 than F344 rats (P Ͻ 0.005) at all the time points examined. Furthermore, the percentage of liver area age of the liver areas occupied by GST 7-7-positive hepatocytes (Figures 2 and 3) . The Cop rat is the only strain, to the best occupied by single cells and foci on day 7 post-DEN was significantly smaller in Cop rats than F344 rats (0.06 Ϯ 0.007 of our knowledge, that does not form liver nodules when promoted using the RH model. versus 0.12 Ϯ 0.017, mean Ϯ SEM for Cop and F344 rats respectively, P Ͻ 0.05). The higher mean toxicity of DEN in
The protocol used in this study can be divided into an early stage that models initiation, and a late stage that models Cop rats raised the possibility that this chemical might be killing GST 7-7-positive hepatocytes in these animals. To promotion, using the administration of 2-AAF as the dividing point. Cop rats showed resistance during both the early and examine this, the serum ALT levels of rats killed on day 2 following DEN administration were plotted against the number late stages. Although we detected some GST 7-7-positive foci in Cop rats, at all the time points examined, both before and of GST 7-7-positive single cells and foci/mm 2 ( Figure 7 ). Most Cop rats had ALT levels similar to the F344 rats, but after 2-AAF administration, there were significantly fewer GST 7-7-positive single cells and foci/mm 2 than in F344 rats. had many fewer GST 7-7-positive single cells and foci/mm 2 . The two Cop rats with the highest ALT levels had similar Furthermore, at all times, a smaller proportion of the liver area was occupied by GST 7-7-positive hepatocytes in Cop numbers of GST 7-7-positive single cells and foci/mm 2 as the other Cop rats. It is clear that the number of GST 7-7-positive rats than in F344 rats. Although resistance to hepatic preneoplasia in Cop rats is single cells and foci/mm 2 is not correlated with toxicity but is related only to the rat strain. apparent during both initiation and promotion, it is more dramatic during promotion. At 7 days following initiation by To explore further the importance of toxicity in Cop rat initiation, MNU, which is non-necrogenic was given 18 h after DEN, the percentage of liver area occupied by GST 7-7-positive hepatoctyes in Cop rats was~2-fold smaller than in a PH. Three weeks later, Cop rats had significantly fewer GST 7-7-positive single cells and foci and a smaller percentage of F344 rats. Following 2-AAF and CCl 4 promotion, this difference increased to~9-fold. Similarly, 3 weeks following initithe liver area was occupied by these cells (P Ͻ 0.05) than F344 rats (Figure 8 ).
ation by a PH and MNU, the percentage of liver area occupied
In order for liver foci to grow rapidly during the RH protocol, normal hepatocytes must be mito-inhibited by 2-AAF. CCl 4 -induced necrosis then provides a potent proliferative stimulus to which only the focal hepatocytes respond (11) . We showed that the degree of mito-inhibition of normal hepatocytes by 2-AAF is the same in Cop and F344 rats ( Figure 5) . Furthermore, CCl 4 produced hepatic necrosis equally in both strains as shown in Figure 4 . These results rule out resistance mechanisms involving differences in the ability of the two strains to metabolize the chemicals used for promotion.
In the experiments with MNU, the animals were given a PH to induce hepatocyte division. During the 3 days following a PH there was no difference in BrdU incorporation into hepatocytes between untreated Cop and F344 rats ( Figure 5 ). This shows that the different responses of the strains after initiation by a PH and MNU cannot be explained by different rates of DNA synthesis following a PH.
In the experiment in which we measured incorporation of BrdU into hepatocytes post-PH, the death of three of the 2-AAF treated F344 rats between days 8 and 9 post-PH may be explained by the absence of liver foci in these animals that were not initiated. Liver foci and nodules are resistant to the toxic effects of some chemicals including 2-AAF, so that rats that harbor these lesions may survive normally lethal doses of these chemicals (reviewed in 18).
In the rat mammary tumorigenesis model, strains are classified as resistant, highly susceptible, or of intermediate susceptibility based on tumor incidence, multiplicity and latency (1, 20) . A similar classification system has been applied to liver preneoplasia (21), but the results of the present experiments suggest some modifications to this system are necessary. F344 and Sprague-Dawley rats are examples of strains that are highly susceptible to liver focus and nodule formation (22). In comparison with other strains, Wistar rats were classified occupy a smaller percentage of liver area in Wistar than in F344 rats, but a much larger percentage of area than in Cop rats (23, 24) . Furthermore, Wistar rats form liver nodules 2-3 by GST 7-7-positive hepatocytes was~2-fold smaller in Cop than F344 rats, but following promotion, there was a~27-fold weeks following 2-AAF treatment in an RH protocol (25, 26) . The Cop rat is clearly resistant to both mammary tumorigendifference. Although it is clear by comparing Figures 3 and 8 that both strains show a marked increase in the percentage of esis and liver preneoplasia. The Wistar-Kyoto rat is highly susceptible to liver focus and nodule formation (27) but is liver area occupied by foci following promotion, this increase is much smaller in Cop than in F344 rats.
resistant to mammary tumorigenesis (28). Sprague-Dawley rats are highly susceptible to both liver (21) and mammary One mechanism that would explain the different susceptibilities of Cop and F344 rats is that the chemicals used during carcinogenesis (1). F344 rats are highly susceptible to hepatocarcinogenesis and are of intermediate susceptibility to maminitiation and/or promotion produce different levels of necrosis in the two strains. DEN must produce hepatic necrosis in mary tumorigenesis (1) . Wistar rats are of intermediate susceptibility in both tissues (2). Thus, a clear association order to stimulate compensatory hepatocyte proliferation, a requirement for initiation in the liver (19). We found, however, between susceptibility levels in the mammary gland and liver of rats is not evident. that both F344 and Cop rats demonstrate hepatotoxicity ( Figure  4 ) and histological evidence of necrosis following DEN adminGenetic analysis of susceptibility to murine hepatocarcinogenesis has revealed an estimated six sensitivity (29) and istration. The somewhat higher toxicity of DEN in Cop rats does not appear to be a factor in resistance since we showed two resistance (30) loci. The genetic basis of susceptibility/ resistance to rat hepatocarcinogenesis is not known, although that the number of GST 7-7-positive single cells and foci/mm 2 is not related to the level of toxicity, but is only dependent on the high susceptibility of the R16 rat strain to DEN-induced liver carcinogenesis has been associated with a deletion in the the strain of rat (Figure 7) . In support of this notion, MNU is a direct acting carcinogen that produces no hepatic necrosis, major histocompatibility complex-linked growth and reproduction complex (grc) (31) . The R16 strain is much more but nevertheless produces fewer foci in Cop than F344 rats (Figure 8 ). These results together rule out resistance mechansusceptible to both liver preneoplasia and tumor formation than the ACP strain, its grc ϩ wild-type counterpart. The RH isms involving differences in the ability of the two strains to metabolize DEN. model is especially useful for genetic analysis of the resistance 
